Is the bound substrate in nitric oxide synthase protonated or neutral and what is the active oxidant that performs substrate hydroxylation?
We present here results of a series of density functional theory (DFT) studies on enzyme active site models of nitric oxide synthase (NOS) and address the key steps in the catalytic cycle whereby the substrate (L-arginine) is hydroxylated to N(omega)-hydroxo-arginine. It has been proposed that the mechanism follows a cytochrome P450-type catalytic cycle; however, our calculations find an alternative low energy pathway whereby the bound L-arginine substrate has two important functions in the catalytic cycle, namely first as a proton donor and later as the substrate in the reaction mechanism. Thus, the DFT studies show that the oxo-iron active species (compound I) cannot abstract a proton and neither a hydrogen atom from protonated L-arginine due to the strength of the N-H bonds of the substrate. However, the hydroxylation of neutral arginine by compound I and its one electron reduced form (compound II) requires much lower barriers and is highly exothermic. Detailed analysis of proton transfer mechanisms shows that the basicity of the dioxo dianion and the hydroperoxo-iron (compound 0) intermediates in the catalytic cycle are larger than that of arginine, which makes it likely that protonated arginine donates one of the two protons needed during the first catalytic cycle of NOS. Therefore, DFT predicts that in NOS enzymes arginine binds to the active site in its protonated form, but is deprotonated during the oxygen activation process in the catalytic cycle by either the dioxo dianion species or compound 0. As a result of the low ionization potential of neutral arginine, the actual hydroxylation reaction starts with an initial electron transfer from the substrate to compound I to create compound II followed by a concerted hydrogen abstraction/radical rebound from the substrate. These studies indicate that compound II is the actual oxidant in NOS enzymes that performs the hydroxylation reaction of arginine, which is in sharp contrast with the cytochromes P450 where compound II was shown to be a sluggish oxidant. This is the first example of an enzyme where compound II is able to participate in the reaction mechanism. Moreover, arginine hydroxylation by NOS enzymes is catalyzed in a significantly different way from the cytochromes P450 although the active sites of the two enzyme classes are very similar in structure. Detailed studies of environmental effects on the reaction mechanism show that environmental perturbations as appear in the protein have little effect and do not change the energies of the reaction. Finally, a valence bond curve crossing model has been set up to explain the obtained reaction mechanisms for the hydrogen abstraction processes in P450 and NOS enzymes.